The ionization state and oxygen abundance distribution in a sample of polar-ring galaxies (PRGs) were studied from the long-slit spectroscopic observations carried out with the SCORPIO-2 focal reducer at the Russian 6-m telescope. The sample consists of 15 PRGs classified as 'the best candidates' in the SDSS-based Polar Ring Catalogue. The distributions of line-of-sight velocities of stellar and gaseous components have given kinematic confirmation of polar structures in 13 galaxies in the sample. We show that ionization by young stars dominates in the external parts of polar discs, while shocks have a significant contribution to gas excitation in the inner parts of polar structures. This picture was predicted earlier in a toy model implying the collision between gaseous clouds on polar orbits with the stellar disc gravitational potential well. The exception is a moderately inclined ring to the host galaxy NGC 5014: the accreted gas in the centre has already settled on the main plane and ionized by young stars, while the gas in the internal part of the ring is excited by shocks. The present study three times increases the number of polar structures with an available oxygen abundance estimation. The measured values of the gas metallicity almost do not depend on the galaxy luminosity. The radial [O/H] gradient in the considered polar rings is shallow or absent. No metal-poor gas was detected. We ruled out the scenario of the formation of polar rings due to cold accretion from cosmic filaments for the considered sample of PRGs.
INTRODUCTION
Polar-ring galaxies (PRGs) are the most famous type of so-called multi-spin galaxies (the term was introduced by Rubin 1994 ) which represent the systems with an external disc or ring rotating at the plane almost perpendicular to the host galaxy plane. Their unusual morphology allows us to investigate a wide range of issues related to their galactic formation and evolution: the baryonic matter accretion, the rate of galactic interaction, the 3D distribution of mass in their dark halos, etc.
The first catalogue of PRGs candidates selected from photographic atlases was compiled by Whitmore et al. (1990) . It contained 157 objects including six kinamaticallyconfirmed polar rings (i.e., the rotation with the same systemic velocity was detected in two almost orthogonal planes), and 27 galaxies were included in the category of 'good' candidates. The next generation catalogue: the SDSS-based Polar Rings Catalogue (SPRC) was presented by Moiseev et al. (2011) . It contains 275 objects, 185 among them were classified as 'good' and 'best' candidates identified in the Sloan Digital Sky Survey (SDSS). A recent paper by Reshetnikov & Mosenkov (2019) added 31 new possible PRGs found in SDSS. Thus, currently we know several hundreds PRGs candidates; several tens of them are kinematically confirmed (see details and references in Reshetnikov 2004; Moiseev, Smirnova, Smirnova & Reshetnikov 2011) .
Despite a large amount of known PRGs, they are still quite poorly studied. In particular, the mechanism of formation of polar components in PRGs is a topic of hot debates. Several scenarios were proposed: a major merging of two orthogonally orientated disc galaxies (Bekki 1997; Bournaud & Combes 2003) ; a tidal accretion from a disrupted small companion on a polar orbit or from a gas-rich donor galaxy (Schweizer et al. 1983; Reshetnikov & Sotnikova 1997) ; a cold accretion from cosmic filaments that are inclined to the host galaxy disc (Macciò et al. 2006 ). The last one seems to be the most intriguing among them. It is believed that the gas accretion along filaments is a very common phenomenon in a galaxy mass assembly at high and even at low redshifts (Dekel et al. 2009 ), but due to chemical and dynamical evolution of galaxies it is very difficult to find traces of this process (see Sánchez Almeida et al. 2014, for review) . Steiman-Cameron & Durisen (1982) showed that polar orbits around the host galaxy in the case of oblate or triaxial gravitational potential are very stable and slowly evolved. If the cold accretion is indeed responsible for formation of some fraction of polar rings, then PRGs should still represent footprints of this process. The important clue to distinguish between different scenarios listed above should be measurements of chemical abundances of the PRGs. The most studied nearby galaxy NGC 4650A (PRC A-1) is now considered as one of the best candidates experienced the cold cosmic filament accretion. The extended and broad polar ring (or 'a polar disc' according to Iodice et al. 2006 ) possesses a significant fraction of the total baryon mass in the system, while a relatively low stellar velocity dispersion of the lenticular host contradicts to the major merger formation of the polar component. The gas metallicity of the polar disc (Z ≈ 0.2Z⊙) is lower than that expected for ordinary spirals of similar luminosity (Spavone et al. 2010; Iodice et al. 2015) . The observed properties of this galaxy are reproduced in simulations of the gas accretion along the filament (Macciò et al. 2006; Brook et al. 2008; Snaith et al. 2012 ).
It is not clear whether the case of NGC 4650A is common or unique. For instance, the SPRC-7 galaxy has a similar morphology, i.e., a broad relatively massive polar disc around the dynamically cold central S0 hosts, and could be considered as a distant counterpart of NGC 4650A (Brosch et al. 2010; Khoperskov et al. 2014) . Whereas the gas oxygen abundance in the SPRC-7 polar disc is not very low (Brosch et al. 2010) .
Up to now, the metallicity measurements were made only for few PRGs. For some of them, the authors actually obtained low gas metallicity values which are consistent with the hypothesis of a cold accretion from a cosmic filament like that in NGC 4650A (see, e.g., Spavone, Iodice & Arnaboldi 2015, and references therein) . Unfortunately, the majority of the available results demonstrate large uncertainties exceeding 0.3-0.5 dex (see Fig. 9 in Spavone et al. 2015) . Therefore, new accurate estimations of gas metallicity in a large sample of PRGs are still needed to distinguish between possible evolution scenarios of their formation.
The measurements of metallicity in polar or strongly inclined gaseous discs might be biased because of the expected contribution of shock ionization. Wakamatsu (1993) proposed that the shocks can be generated when the gas on polar orbits crosses the potential well of a stellar disc (like the galactic shock waves in spiral arms and bars), but still there are no observations supporting this hypothesis among PRGs. The exception is a couple of galaxies NGC 660 (PRC C-13) and Arp 212 , where the direct collision between gaseous components in the main and polar (inclined) discs are confirmed (Moiseev 2014) . Shocks are also observed in some lenticular galaxies that captured the kinematically misaligned external gas in considerably inclined planes (Sil'chenko et al. 2009; Katkov et al. 2011 Katkov et al. , 2014 , but this issue almost had not been tested in classical Figure 2 . Examples of the observed spectra of the central parts of the sample galaxies (black) together with the modelled spectra of the stellar population (red) and with the residual emission spectrum of the ionized gas (blue).
PRGs with relatively massive stellar-gaseous non-complanar components.
In order to increase the number of PRGs with known dynamical and chemical abundance properties, we performed long-slit optical spectroscopic observations of the targets from the SPRC catalogue at the 6-m telescope of the Special Astrophysical Observatory of the Russian Academy of Sciences (SAO RAS). In this paper, we present results of the study of gas ionization conditions and metallicities in 15 galaxies having the emission lines bright enough for the standard spectrophotometrical analysis. The paper is organized as follows: Section 2 describes the performed observations and data reduction. Sections 3, 4, and 5 present the results on the kinematics, ionization state, and gas metallicity, respectively. In Section 6, we consider the luminositymetallicity relation and discuss the obtained results in terms of the evolution scenarios of PRGs.
OBSERVATIONS AND DATA ANALYSIS
The SPRC gives an opportunity to analyse the structural properties of PRGs using the uniform SDSS photometric data. However, the spatially-resolved spectroscopic observations are essential for kinematic confirmation of polar structures to study the dynamical properties of the gas and stars, their ionization conditions, and chemical abundance. For this purpose in 2010-2019 we observed about 30 SPRC galaxies mostly selected from the 'best' or 'possible faceon rings' categories (see the classification in Moiseev et al. 2011) . The analysis of stellar and gas kinematics of the observed galaxies will be considered in the forthcoming paper, whereas this paper presents the spectrophotometric data for 15 galaxies, in which the detected emission lines were bright enough for measuring the ionized gas chemical abundance and excitation properties.
The observations were made at the prime focus of the 6-m telescope of SAO RAS using the SCORPIO-2 multi-mode focal reducer (Afanasiev & Moiseev 2011 ) operating in the long-slit spectrograph mode with the 6 arcmin × 1 arcsec slit. The scale along the slit was 0.36 arcsec per pixel. The total exposure time varied from 2700 to 7200 sec and the seeing -from 1.0 to 2.9 arcsec for different objects. For seven of the observed targets, we obtained the spectra at two slit positions that crossed both main and polar discs; for the rest galaxies, the slit was aligned along the polar rings (see Fig. 1 ) or along the host disc (in the case of SPRC-1 and SPRC-70). Table 1 gives the log of observations and summarizes the main parameters of galaxies. It shows the name of each galaxy according to the SPRC catalogue; its redshift; effective radius (R ef f ) in r-SDSS band; position angle of the spectrograph slit (P A); date of observation; total exposure (Texp); seeing (θ); spectral range (∆λ).
Observations of the most galaxies were performed with the VPHG1200@540 grism providing the spectral resolution δλ = 4.5 − 5.4Å estimated as the FWHM of air glow lines. SPRC-3 and SPRC-27 (PA= 31
• ) were observed with the VPHG940@640 grism of a lower resolution (δλ ≃ 7Å). The CCD detector was E2V 42-90 4.5K × 2K during observations of all the galaxies except for SPRC-3 which was observed with the detector of a smaller format, 2K × 2K CCD EEV 42-40 .
The initial data reduction was performed in a standard way using the idl software package written for reducing long-slit spectroscopic data obtained with SCORPIO-2 as it was described in our previous papers (e.g., Egorov et al. 2018) . After the bias subtraction and cosmic rays hits removal, all individual exposures of each spectrum were stacked; further steps of data reduction include correction of the geometric distortion, normalization to the flat-field spectrum, wavelength calibration, subtraction of the nightsky spectrum, and flux calibration using one of the spectrophotometric standards observed in the same night in a close airmass with the galaxy.
The spectrum of the SPRC-60 was not corrected for spectral sensitivity and, hence, was not flux-calibrated because of the absence of the standard star observations in the corresponding night. Further results on this galaxy are based only on the neighbouring line ratios.
Before analysing the emission lines, the stellar population models were subtracted from the spectra. These models were recovered from the observed spectra using the ULySS package by Koleva et al. (2009) and the grid of PÉGASE-HR models (their validation was tested in Koleva et al. 2008) . Fig. 2 demonstrates the example of the spectra of cen-tral region of each observed galaxy together with the results of its decomposition to the spectra of the stellar population and of the ionized gas.
In order to increase the signal-to-noise ratio, all the spectra used for the ULySS analysis were binned along the slit using the 3 px (∼ 1 ′′ ) bins in the central region and 5 px (1.
′′ 8) bins at the distances r > 5 ′′ from the nucleus. The analysis of the ionized gas emission was performed with the original binning (1 px = 0.
′′ 36). The emission lines were fitted by a single Gaussian in each spatial bin along the slit using the idl mpfit library (Markwardt 2009 ). The obtained fluxes of the emission lines were used to analyse the ionization condition and gas metallicity.
In order to compare the chemical abundance values with the integral luminosity of the galaxies, we made an aperture photometry of SDSS DR12 (Alam et al. 2015b ) images in the g and r bands. The integration was performed in the polygonal apertures included both the galaxy and polar structures without the foreground star contamination. The absolute magnitude in the B band MB was calculated using the g and r magnitudes and the Robert Lupton's equations published on the SDSS web-page 1 . The foreground Galactic extinction values from the NASA/IPAC Extragalactic Data base (NED) 2 and K-corrections from Chilingarian et al. (2010) were taken into account.
The effective radius of the galaxies r ef f was obtained from the r-SDSS estimations by Reshetnikov & Combes (2015) or from the Hyperleda database (Makarov et al. 2014) . The values r ef f in arcsecs are listed in Table 1 .
GAS AND STELLAR VELOCITIES
The detailed comparison between the rotation curve of the host galaxy and surrounding polar structure is a very important issue, because it allows one to reconstruct the 3D shape of the dark matter halo in PRGs. The examples of this reconstruction based on the 6-m telescope spectroscopic data in the case of SPRC-7 and SPRC-33 (NGC 4262) were already published by Khoperskov et al. (2014) . The stellar and ionized gas kinematics in the observed SPRC galaxies will be considered in detail in the forthcoming paper. In this Section, we only briefly describe the distributions of the line-of-sight velocities in the considered sample. We focused our analysis on the kinematic evidence of multi-spin components, because only 6 of 15 galaxies have been already kinematically confirmed as PRGs according to the previous studies (see below).
The line-of-sight velocities of stars were derived from fitting the observed spectra with a synthetic stellar population model as described in the previous Section. The ionized gas was detected in the residual spectra (after the ULySS model subtraction) in all sample galaxies. It is distributed in polar rings mostly, while it is significantly fainter and less extended in the main discs of some galaxies. In the case of SPRC-2 (PA= 15
• ), the ionized gas emission was detected only in the galactic nuclear after integrating of the surrounding spectra. The radial distributions of the line-of-sight velocities of the stellar and gaseous components along each slit positions are shown in Fig. 3 . The ionized gas velocities were derived using the single Gaussian fitting of the Hα emission line, which was the brightest in the observed spectral region, together with the neighbouring [N ii] λ6548, 6583 doublet. The line-of-sight velocity and Gaussian width were the shared parameters for the fitting of all these emission lines.
We estimated the uncertainties of the measured velocities of the ionized gas by analysing a large number of synthetic spectra with a given signal-to-noise ratio, while the uncertainties of the stellar velocities were derived by ULySS.
In the case of a 'classical' PRG having a gas-rich polar component around an early-type gas-free central galaxy, the following kinematic picture is expected:
(i) The same systemic velocity of the gaseous and stellar components.
(ii) A large radial gradient of the gas velocities and zero gradient of the stellar line-of-sight velocities along the major axis of the polar ring.
(iii) A reverse situation, i.e., a large velocity gradient of stars and almost constant gas velocities along the host galaxy major axis.
However, this simple picture (constant velocities of stars together with a strong rotation of gas and vice versa) is clearly presented in Fig. 3 only in SPRC-10 along P A = 138
• . If the polar ring is not strictly orthogonal to the central galaxy, the both components will demonstrate the velocity changing along the slit. However, their radial gradients will be significantly different: the larger value corresponds to the component rotating with line-of-nodes near the slit PA. The observed velocity distribution have become more complicated, when one detects the rotation of stars in the host galaxy and in the polar ring simultaneously along the same slit but on different galactocentric distances. The SPRC-3 in Fig. 3 is a typical example. In the majority of the galaxies, both effects described above are observed, i.e., the non-orthogonality of multi-spin components having stars and gas. One of the most complex structures was observed in SPRC-14: a warped polar ring with a possible collision between its gas clouds with the gas belonging to the host galaxy (see also Moiseev et al. 2011) .
In this paper, we analyse the long-slit spectra already used for the successful kinematic confirmation of large-scale polar rings in SPRC-10, SPRC-14, SPRC-39, and SPRC-60 . The polar ring in SPRC-69 was also confirmed in the same paper, but spectra in two crosssections were obtained in the smaller spectral range. In the present work, we obtained new spectroscopic data in the whole optical range. The brief description of the kinematics of the rest sample galaxies is presented below. SPRC-1: confirmed PRG. The spectra taken along the host disc major axis demonstrate the flat rotation curve of the stellar component with a projected amplitude of 100 − 150 km s −1 , while the gas rotation is absent at the distances r < 2 ′′ , where the slit crosses the brightest part of the edge-on polar ring (see Reshetnikov et al. 2011 and the high-resolution image in the ESO Press Release 3 ). The counter-rotation of the gas with an amplitude of smaller than 40 km s −1 along the line of sight might be related with a warp of the external part of a polar ring. SPRC-2: confirmed PRG. The extended emission of the ionizied gas is detected only along the polar ring which is non-orthogonal to the stellar disc. SPRC-3: confirmed PRG. The rising rotation of the gas along the polar ring up to ±150 km s −1 is observed. The gradient of stellar velocities in the host disc is absent, while at r > 2 ′′ the stellar velocities in the polar component appear. SPRC-12: confirmed PRG. The central host disc is moderately inclined to the line of sight with the major axis along P A = 310
• . The ionized gas in this direction of the slit reveals the counter-rotation to the stars with a twice smaller amplitude. Together with a larger velocity gradient along P A = 33
• (the photometrical major axis of the ring, see Fig. 1 ) the observed gas kimenatics corresponds to the inner warp of the polar ring. The rotation of the stellar population is also detected in the ring along P A = 33
• . SPRC-13: confirmed PRG. The velocity distribution is similar to that of SPRC-3: the strong ionized gas velocity gradient along the ring; the stellar velocities are absent near the centre (the host minor axis); the rise of the velocities at r > 4 ′′ is related to the stellar population in the ring. SPRC-27: confirmed PRG. The kinematic behaviour of stars and gas similar to those of SPRC-13 is observed along the the polar ring (P A = 31
• ). It is interesting that along the host disc major axis (P A = 122
• ) the gas belongs to the polar ring only in the SE side (r > 0), while in the NW side of the disc, it possesses the ionized gas rotating in the same plane as stars. SPRC-37: confirmed PRG. The kinematics along P A = 220
• is typical of the polar ring major axis: a large (∼ 200 km s −1 ) amplitude of gas rotation, the constant velocities of the stellar component (the minor axis of the host disc), the stellar velocities in the ring are also detected at r ≈ +5 ′′ . The spectra along P A = 134
• are too weak for a detailed analysis, however,the rotation of the central disc is detected both in stars and gas. SPRC-40 (NGC 5014): confirmed PRG. A blue starforming ring inclined at ∼ 45
• to the lenticular host appears in the SDSS images. The HI velocity field demonstrates the ring rotation around the main galaxy and is connected with the extended gaseous tidal structure (Noordermeer et al. 2005) . The spectra taken along the host galaxy major axis (P A = 102
• ) reveal a significant asymmetry in the gas rotation: the maximum velocities in the Western side are about 100 km s −1 , while they do not exceed 40 − 50 km s −1 in the Eastern side. The observed gas-stars counter-rotation clearly indicates that all the ionized gas is of external origin related to the inclined ring. The spectra taken at P A = 56
• demonstrate a symmetric gas rotation curve along the ring major axis. SPRC-55 and SPRC-70. The spectra were taken only in a single slit position; both demonstrate a good agreement between the stellar and gas rotation, but the stellar kinematics was measured only near the nucleus. New spectroscopic data 3 https://www.eso.org/public/images/eso9845c/ are necessary for confirmation or rejection of polar rings in these candidates.
Therefore, together with the previous published results we have confirmed multi-spin structures in 13 of 15 candidates in the sample. Fig. 4 shows the BPT-diagrams for each spatial pixel in each spectrum for the observed galaxies. The black curve shows the Kewley et al. (2001) 'maximum starburst' line demarcating the OB-star photoionization from the area with domination of other mechanisms of the line excitations (shocks, AGN, etc.). The grey line from Kauffmann et al. (2003) separates the areas of pure photoionization from the regions with the composite mechanism of excitation -both UV photons and shocks might be important there. As it follows from the diagrams, most of the observed galaxies demonstrate different mechanisms of ionization at different galactocentric distances, but the composite mechanism dom- In order to spatially separate the shock-dominated areas from the H ii regions, we coded each point on the BPTdiagrams in Fig. 5 according to the projected galactocentric distances along the slit normalized to the galaxy effective radius listed in Table 1 . Two galaxies were excluded from this plot: SPRC-1 (the only AGN galaxy) and SPRC-40 (it is shown separately in Fig. 6 and discussed below).
GAS IONIZATION STATE IN POLAR RINGS
One can observe that almost all points lying to the right of the 'maximum starburst' line are located within one effective radius, while both photoionization and shocks are observed at the outer parts of the polar rings. A noticeable gradient of the ionization state with the galactocentric radius exists.
Thus, we may conclude that shocks are observed close to the host galaxy, while its contribution is significantly lower in the outer regions of the polar disc. Freitas-Lemes et al. (2012) obtained the same result for the AM 2020-504 galaxy. These findings are consistent with the Wakamatsu (1993) hypothesis: shocks are generated, when gas on polar orbits crosses the potential well of a stellar disc. Indeed, the Wakamatsu (1993) toy model says that stronger shocks might be generated in the interaction with denser disc regions, i.e., in the internal radii of a polar structure.
A vivid example of the considered relation is the galaxy SPRC-14, its BPT diagrams are shown separately on the top panels in Fig. 6 . The polar structure in this galaxy is well resolved; it has one of the largest angular sizes in the sample. We are able to study the gas excitation in the polar ring even along the slit with P A = 130
• (the host galaxy major axis), because the ring is moderately inclined to the line-of-sight. SPRC-14 contains a weak AGN (of the LINER- . BPT-diagrams constructed for each spatial pixel in each spectrum of the entire galaxy sample. Different symbol colours correspond to different galaxies. The black curve in both diagrams represents the maximum starburst line from Kewley et al. (2001) , and the grey curve from Kauffmann et al. (2003) in the left-hand diagram separates the pure star-forming regions from those with a composite mechanism of the gas excitation. type) according to the BPT-diagrams. However, the shock ionization appears also at the intermediate radial range (0.5-2.5re) between the nucleus and outward regions in the starforming polar ring. The observed gas kinematics provides evidence of the interaction between gaseous clouds on the polar orbits and in the host galaxy disc (see notes in Sec. 3). It is possible that the ionization in the intermediate radii in SPRC-14 is caused not only by an intersection of polar gas clouds with a stellar disc as suggested by Wakamatsu (1993) but also by a direct collision of clouds in both multi-spin components. The similar picture was observed, for instance, in Arp 212 galaxy (Moiseev 2008) .
The bottom panels in Fig. 6 show an exception to the discussed relation: the emission line ratios in the central region of SPRC-40 correspond to the H ii regions, whereas at larger radii, the points lie in the 'composite' or 'shock' areas on the BPT diagrams. This radial changes of the ionization state is due to the specific morphology of SPRC-40 (NGC 5014) differing from other 'classical' polar rings in our sample ( Fig. 1) : the low-contrast ring has a significantly smaller size than the stellar disc. Moreover, the ring is not orthogonal, but tilted on about 45
• to the host galaxy. Along the disc major axis (P A = 102
• ) in the central region we observed star formation in the accreted gas already settled to the main plain and counter-rotated to the stars (Sec. 3). Whereas at distances of 8 − 12 ′′ , the slit crosses the dust lane, that is obviously related to shocks generated by collision between the tilted ring and the disc. The angular scale in NGC 5014 (the closest galaxy in the sample) is 8-20 times better than that in other studied SPRC galaxies; it gives us a 'zooming up view' on the process of the polar/inclined ring interaction with the disc in the circumnuclear region that is not resolved in other cases. Indeed, the SCORPIO-2 long-slit located along the ring major axis (P A = 56
• ) does not cross the disc-ring regions of intersection. The corresponded spectra demonstrate the H ii -like ionization up to r ≈ 1.5 − 2re (the blue and green points in Fig. 6 , bottom).
GAS METALLICITY AND [O/H] GRADIENT IN POLAR RINGS
Measurements of gas metallicities are complicated for PRGs because of the above-mentioned high contribution of shocks to the emission line excitation, while all the developed strong line emission methods for estimating oxygen abundance (as a gas metallicity indicator) were calibrated on the 'normal' H ii regions. For further analysis, we excluded all points lying to the right of the 'maximum starburst' line on the BPTdiagrams. After that, we were able to trace the metallicity gradients in 10 galaxies of our sample (in their polar rings) and to estimate the mean oxygen abundance derived from their stacked spectra collected from radial bins which lie below the 'maximum starburst' line on the BPT diagrams. The spectra of the selected regions were shifted to the central velocity of a galaxy before stacking.
We used three methods of oxygen abundance estimation: two 'empirical' (calibration is based on the metallicity of the H ii regions derived with the Te-method): S (Pilyugin & Grebel 2016) and O3N2 (Marino et al. 2013) and one 'theoretical' (calibration is based on the photoionization models) HII-CHI-mistry ( Table 2 , where the columns give: the galaxy name (according to the SPRC catalogue); its total absolute magnitude MB (measured in this work) and that of polar structures only (calculated using the same equation as mentioned in Sec. 2 from the corresponding g and r luminosities obtained by Reshetnikov & Combes 2015 from the 2D image decomposition); the oxygen abundances 12 + log(O/H) de- In SPRC-70, the plots correspond to the host galaxy major axes, in other galaxies -to the major axis of the polar ring.
rived from the stacked spectra with three methods mentioned above. Different methods give different results for the same spectra that is a consequence of the well-known and still unsolved problem of discrepancy between different abundance calibrators (see, e.g., Kewley & Ellison 2008) : the systematic offset between different methods might be up to 0.5 dex. Fortunately, in the case of the PRG sample, this difference is about 0.1-0.2 dex, i.e., the majority of the methods applied for the same galaxy agree within the uncertainties presented in Table 2 . Anyway, all the methods used reveal the sub-solar metallicity for the considered PRGs but 12 + log (O/H) > 8.3 in each case. Fig. 7 shows the radial distribution of the oxygen abundance derived with the S and O3N2 methods for ten galaxies from our sample. The observed metallicity gradients are almost negligible in most cases: ∆(O/H) = −0.005 ÷ −0.07 dex R −1 ef f , that is much less than −0.1 dex R −1 ef f typically observed in disc galaxies from the CALIFA or MaNGA (Belfiore et al. 2017) surveys. Because of the shallow metallicity gradients, we may expect that the stacking procedure described before allows us to reliably estimate the mean oxygen abundance within the uncertainties presented in Table 2 .
DISCUSSION
It is interesting to use the findings from the preceding Section (the sub-solar gas metallicity and the shallow [O/H] gradient) to test different evolutionary scenarios of the polar structure formation, especially the most intriguing onethe cold gas accretion from cosmic filaments favoured, e.g., by Spavone et al. (2010) .
In the case of a cold accretion scenario, the metallicity of polar rings is expected to be low -12 + (O/H) ∼ 7.6 − 7.9 according to the models by Snaith et al. (2012) for the prototype of the NGC4650A galaxy. These authors also predicted very shallow gas metallicity gradients (−0.005 ÷ −0.01 dex kpc −1 ) in the polar components. Despite this, we observe the oxygen abundance gradients to be very similar to their predicted values, we do not see any low-metallicity gas in our sample galaxies. The shallow metallicity gradients might point to the well mixing of gas during the evolution of the polar structure formed via (Spavone et al. 2010) . The black solid line shows the O/H -M B relation for spiral galaxies (Pilyugin et al. 2004) ; the dashed lines correspond to its uncertainty (±0.2 dex).
the 'ordinary' tidal accretion from a gas-rich companion. This is typical of interacting and merging galaxies (see, e.g., Rupke et al. 2010a,b; Zasov et al. 2015) . Moreover, the relatively low metallicity of the accreted gas is expected, because the matter is captured from the periphery of a donor galaxy (Bournaud & Combes 2003) , where the gas usually has a reduced metallicity in case of the negative radial [O/H] gradient. Therefore, the key question is: 'how typical is the observed metallicity of a certain galaxy?' Fig. 8 shows the luminosity-metallicity relation for spiral galaxies taken from Pilyugin et al. (2004) . The points in the left-hand panel correspond to the oxygen abundance estimates (different colours mean different methods) and to the total absolute magnitude MB of the sample galaxies. In this figure, we also overlaid the measurements found in the literature (several unreliable points with reported errors of more than 0.5 dex have been excluded). As it follows from this figure, the oxygen abundance of PRGs is consistent with their total luminosity.
If chemical abundance of the gas in polar rings is regulated mostly by evolution of the whole galaxy, then the total luminosity is responsible for the physics in the luminositymetallicity relation. On the other hand, if polar structures were formed by external processes like tidal accretion, then a large amount of metals in the gaseous disc were already presented in the donor galaxy. In this case, the metallicity of a polar ring should correlate with the luminosity of a donor galaxy (but not of a host galaxy), and the luminosity of a polar ring will be a lower limit of the donor galaxy luminosity only.
The right-hand panel of Fig. 8 shows the luminositymetallicity relation for the observed galaxies, but using the absolute magnitude MB of polar rings only (results revealed from Reshetnikov & Combes 2015 and listed in Table 2 ).
It can be clearly seen from Fig. 8 (especially from the right-hand panel) that the metallicity of polar rings in the galaxies from our sample almost do not depend on the galaxy (or polar ring) luminosity. This fact might be easily explained in the frameworks of the tidal accretion scenario for the polar component formation. The chemical abundance of a polar ring in that case correspond to the values typical of donor galaxies but only a fraction of their gas was accreted onto the host galaxy of the PRG system and built the polar ring. Hence, the mass of gas and the luminosity of the polar ring could be significantly lower for their metallicities.
Summing up, we may rule out the cold accretion scenario at least for the present sample of PRGs. The tidal accretion from a gas-rich donor or major merger events are more favourable mechanisms for formation of the studied multi-spin structures. Therefore, the answer to the question raised in Sec. 1 is the following: galaxies like NGC 4650A (considered as a 'cold accretion prototype') are relatively rare in the present-day Universe. Extending of the sample of PRGs with spatially-resolved spectroscopic data, including 3D-spectral surveys, should check and quantify this conclusion.
SUMMARY
We carried out optical spectroscopic observations of 15 PRGs from the SPRC catalogue using the SCORPIO-2 longslit spectrograph at the SAO RAS 6-m telescope. The ionized gas and stellar kinematics, the ionization conditions in polar rings, and the gas metallicity distribution were analysed. The obtained results twice increase the number of kinematically-confirmed polar structures among SPRC galaxies and three times -the number of PRGs with available measurements of chemical abundance. The most interesting findings are the following:
• Shock waves are important in gas excitation in the inner regions of polar rings, while the relative contribution of photoionization by young stars grows at the outskirts of polar structures. This radial change of ionization sources is in a good agreement with the Wakamatsu (1993) model, implying the collision between the polar gas and host stellar disc. Moreover, the direct collision between gaseous clouds in both multi-spin components is also possible.
• All 11 galaxies from our sample with the measured oxygen abundances have the sub-solar gas metallicity Z = 0.5 − 0.8Z⊙ that almost does not depend on the luminosity of the galaxy or its polar structure. This result is independent of the accepted method of oxygen abundance estimation (O3N2, S, or HCm).
• The radial distribution of metallicity is flat; a shallow or no metallicity gradient is observed.
Based on the above results, we ruled out a scenario of polar ring formation due to the cold accretion from cosmic filaments for the considered sample of polar-ring galaxies.
